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Abstract: Background Bone conduction (BC) is an alternative to air conduction (AC) for stimulation of
the inner ear. Stimulation for BC can occur directly on the skull bone, on the skin covering the skull bone,
or on soft tissue (i.e., eye, dura). All of these stimuli can elicit otoacoustic emissions (OAE). This study
aims to compare OAEs generated by different combinations of stimuli in live humans, including direct
stimulation of the intracranial contents via the dura, measured intraoperatively. Methods Measurements
were performed in five normal-hearing ears of subjects undergoing a neurosurgical intervention with
craniotomy in general anesthesia. Distortion product OAEs (DPOAEs) were measured for f2 at 0.7,
1, 2, 3, 4, and 6 kHz with a constant ratio of the primary frequencies (f2/f1) of 1.22. Sound pressure
L1 was held constant at 65 dB SPL, while L2 was decreased in 10 dB steps from 70 to 30 dB SPL.
A DPOAE was considered significant when its level was ￿6 dB above the noise floor. Emissions were
generated sequentially with different modes of stimulation: 1) pre-operatively in the awake subject by
two air-conducted tones (AC-AC); 2) within the same session preoperatively by one air- and one bone-
conducted tone on the skin-covered temporal bone as in audiometry (AC-BC); 3) intra-operatively by
one air-conducted tone and one bone-vibrator tone applied directly on the dura (AC-DC). A modified
bone vibrator (Bonebridge; MED-EL, Innsbruck, Austria) was used for BC stimulation on the dura or
skin-covered mastoid. Its equivalent perceived SPL was calibrated preoperatively for each individual by
psychoacoustically comparing the level of a BC tone presented to the temporal region to an AC tone at
the same frequency. Simultaneously with the DPOAEs, vibrations at the teeth were measured with an
accelerometer attached using a custom-made holder. Results It was possible to record DPOAEs for all
three stimulation modes. For AC-DC, DPOAEs were not detected above the noise floor below 2 kHz
but were detectable at the higher frequencies. The best response was measured at or above 2 kHz with
L2 = 60 dB SPL. The acceleration measured at the teeth for stimulation on the dura was lower than
that for stimulation on the bone, especially below 3 kHz. Conclusion We demonstrate a proof-of-concept
comparison of DPOAEs and teeth acceleration levels elicited by a bone vibrator placed either against the
skin-covered temporal bone, as in audiometry, or directly against the dura mater in patients undergoing
a craniotomy. It was demonstrated that DPOAEs could be elicited via non-osseous pathways within the
skull contents and that the required measurements could be performed intra-operatively.
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which	reduces	the	 intracranial	pressure	osmotically.	The	common	clinical	observation	of	a	hearing	 loss	primarily	 in	 the	 low	frequencies	 in	humans	with	reduced	CSF	pressure,	 for	example	 in	dural	 leakage	after	spinal	anesthesia
(Michel	and	Brusis,	1992)	or	myelography	(Nakaya	et	al.,	2005),	supports	the	assumption	of	an	interaction	between	CSF	and	perilymph	for	hearing.	Another	possible	interaction	of	CSF	and	cochlear	fluid	may	result	in	a	low-frequency
air-bone	gap	 in	pure-tone	audiometry	 that	occasionally	occurs	 together	with	 supranormal	BC	 thresholds	 in	patients	with	 semicircular	 canal	dehiscence	 (SCD)	 syndrome	 (Merchant	and	Rosowski,	2008)	 and,	 to	 a	 lesser	 extent,	 in
patients	with	large	vestibular	aqueduct	(LVA)	syndrome	(Merchant	et	al.,	2007).	Sohmer	et	al.	(2009)	suggested	that	the	enlargement	of	the	fluid	connections	between	the	cranial	cavity	and	the	cochlea	results	in	lower	impedance	and
therefore	a	more	effective	sound	wave	propagation	directly	from	the	CSF	to	the	perilymph.	However,	the	mechanism	of	low-frequency	air-bone	gap	in	SCD	and	LVA	has	been	controversially	discussed.	Merchant	et	al.	(2007)	assumed
an	 increased	pressure	difference	between	 the	 scala	 vestibuli	 and	 scala	 tympani	due	 to	decreased	 impedance	 in	 the	 scala	 vestibuli	 by	 the	 third	window	 in	SCD	and	LVA,	 resulting	 in	better	BC	 thresholds.	 In	 summary,	 the	actual
contribution	of	such	non-osseous	pathways	to	hearing	is	still	controversial.
Laser	Doppler	 vibrometry	 (LDV)	 and	 accelerometry	 are	most	 commonly	used	 to	 analyze	 skull	 bone	 vibrations	 experimentally.	Bone	 vibration	 is	 preferentially	measured	 on	 the	 skull	 by	 pointing	 an	LDV	or	 by	 coupling	 an
accelerometer	directly	 to	bony	structures	because	skin	decreases	 the	acceleration	response	by	16–28 dB,	mainly	 in	 frequencies	above	1 kHz	(Ito	et	al.,	2011;	Håkansson	et	al.,	1985).	Such	a	direct	 coupling	can	be	 reached	using
exposed	skull	bone	or	an	abutment	 for	a	bone-anchored	hearing	aid	 (BAHA).	The	dampening	effect	of	 the	skin	has	been	shown	 to	depend	on	skin	 thickness	 (Mattingly	et	al.	2015).	Teeth	as	a	natural	 and	easily	 accessible	bone-
integrated	structure	are	an	additional	possibility	for	a	direct	coupling	to	facial	bones.	However,	teeth	do	not	directly	represent	the	bone	vibrations	of	the	otic	capsule	(Ito	et	al.,	2011),	because	skull	vibrations	may	differ	depending	on
location	on	the	skull.	Teeth	have	been	identified	as	an	adequate	site	for	BC	stimulation	in	assessment	and	use	of	a	vibratory	BAHA	(Stenfelt	and	Håkansson,	1999).
Additional	methods	 such	 as	 threshold	measurements	 or	 otoacoustic	 emissions	 (OAE)	 are	 required	 for	 investigation	 of	 pathways	 not	 inducing	 skull	 bone	 vibration.	 Otoacoustic	 emissions	 are	 objective	 acoustic	 responses
following	cochlear	activation	and	are	generated	by	outer	hair	cells	(Kemp,	1978),	and	are	used	routinely	for	objective	evaluation	of	hearing	such	as	hearing	screening	in	newborns	(Probst,	2000).	Distortion-product	OAE	(DPOAE)	are
commonly	elicited	in	humans	by	two	primary	tones	(f1	and	f2)	with	a	frequency	ratio	(f2/f1)	of	1.22	and	level	differences	(L1-L2)	of	0–10 dB	(Harris	et	al.,	1989;	Hauser	and	Probst,	1991).	They	can	be	elicited	by	a	combination	of	AC	and






























and	one	 for	signal	acquisition	 (to	minimize	crosstalk),	controlled	via	PC-based	software	by	TDT	(SigGenRP	4.4.8,	BioSigRP	100,	RX6;	Tucker-Davis	Technologies,	Alachua,	FL,	USA).	Distortion-product	OAE	 in	both	preoperative	AC-AC	and	AC-BC	and





















Frequency	f1	[Hz] Level	L1	[dB	SPL] Frequency	f2	[Hz] Level	L2	[dB	SPL]
611.02 65 745.15 70,	60,	50,	40,	30 476.89
867.35 65 1058.11 70,	60,	50,	40,	30 676.59
1636.35 65 1994.02 70,	60,	50,	40,	30 1278.68
2470.91 65 3013.08 70,	60,	50,	40,	30 1928.74
3302.50 65 4029.77 70,	60,	50,	40,	30 2575.23





































































Target	SL	[dB] 30 40 50 60 70
Subject	–	f2
S1	–	3 kHz 30 40 50 60 66
S1	–	4 kHz 30 40 50 60 66
S1	–	6 kHz 30 40 50 58 58
S4	–	6 kHz 30 40 50 55 60
S5	–	6 kHz 30 40 50 60 69


























Subject Age Sex Diagnosis Site	of	Craniotomy Tested	ear
S1 35 M Astrocytoma	Grade	II Frontal,	right Left
S3 22 M Cavernoma Parietal,	right Left
S4 38 M Vestibular	schwannoma Temporal,	right Left
S5 36 F Electrode	implantation Parietal,	right Right














at	stimulation	levels	of	L2 = 60	and	70 dB	SL.	Acceleration	 levels	generally	showed	a	 linear	growth	pattern	with	 increasing	stimulation	 levels	 for	both	BC	and	DC	stimulations.	Acceleration	 levels	varied	between	subjects	with	DC-
stimulation	resulting	in	smaller,	equal	or	even	higher	(S4)	acceleration	levels	compared	to	BC-stimulation.
3.4	Individual	subject	data
Fig.	4	 displays	 data	 for	 S1,	where	 preoperative	AC-BC	DPOAEs	 (red	 circles)	were	 present	 at	 all	 frequencies	with	 saturation	 present	 at	 L2 = 60 dB	SL.	 Intraoperative	AC-DC	DPOAEs	 (green	 circles)	 could	 be	measured	 at









Teeth	acceleration	measurements	were	valid	and	 linear	responses	obtained	at	all	 frequencies	 for	BC	(red	squares)	stimulation,	with	highest	 levels	at	6 kHz.	The	DC	(green	squares)	stimulation	did	not	 induce	unequivocal
vibrations	at	most	levels	and	frequencies.	Teeth	vibrations	may	have	been	present	at	4 kHz/70 dB	SL	and	6 kHz/60	and	70 dB	SL.
Fig.	6	displays	data	for	S4,	where	preoperative	DPOAE	measurements	for	the	AC-BC	stimulus	type	(red	circles)	indicated	no	valid	data	at	f2 = 1.1 kHz.	For	the	rest	of	the	frequencies,	the	DPOAE	levels	showed	a	consistent	trend























































measurement.	In	a	study	with	dural	stimulation	in	cadaver	heads,	an	increased	coupling	force	resulted	in	only	moderate	gain	(2–5 dB)	of	 intracranial	sound	pressure	without	 inducing	a	consistent	 increase	 in	promontory	vibration
(Nakaya	et	al.,	2005).	A	coupling	force	of	at	least	4 N	is	generally	recommended	for	audiometric	BC	measurements	to	receive	clinically	reliable	results	(Ito	et	al.,	2011).	We	decided	to	use	standard	audiometric	coupling	forces	of	5 N	for



















(1994)	 reported	a	 temporary	hearing	 loss	after	craniotomy,	but	only	 in	patients	with	a	concomitant	opening	of	 the	dura	resulting	 in	a	reduction	of	 the	 intracranial	pressure.	We	took	care	to	perform	our	measurements	without	an
intentional	opening	of	the	dura	after	removal	of	the	skull	bone	only.	Therefore,	we	are	assuming	only	minor	changes	of	intracranial	pressure	and	DPOAE	levels	as	a	result.	The	anesthesia	most	likely	did	not	affect	the	DPOAEs.	Telischi	et





















present.	Because	dura-conducted	 cochlear	 stimulation	was	possible	 despite	 the	difficult	measurement	 environment	 in	 the	OR	and	 the	 factors	 discussed	previously,	 this	 is	 considered	 a	proof-of-concept	 study	 that	 demands	 future
research	be	conducted	to	investigate	the	characteristics	of	DPOAE	with	dural	stimulation,	in	particular	for	lower	frequency	and	threshold	level	stimuli.
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Query:	Please	note	that	author’s	telephone/fax	numbers	are	not	published	in	Journal	articles	due	to	the	fact	that	articles	are	available	online	and	in	print	for	many	years,	whereas	telephone/fax	numbers
are	changeable	and	therefore	not	reliable	in	the	long	term.
Answer:	That	is	fine.
Query:	Highlights	should	only	consist	of	"125"	characters	per	bullet	point,	including	spaces.	The	highlights	provided	are	too	long;	please	edit	them	to	meet	the	requirement.
Answer:	Please	replace	"	·				For	frequencies	≥	2kHz,	stimulation	on	dura	induces	a	comparable	DPOAE	amplitude	as	for	stimulation	on	the	skin-covered	temple	at	70	dB,	but	lower	amplitudes	at	lower
levels."
by
	
"·				At	70	dB,	stimulation	on	dura	and	on	the	skin-covered	temple	induce	a	comparable	DPOAE	amplitude	≥	2kHz.
	
·				Below	70	dB,	stimulation	on	dura	induces	lower	amplitudes	compared	to	stimulation	on	the	skin-covered	mastoid	≥	2kHz."
Query:	References	"Helsinki	(2013);	Chordekar	et	al.,	2013;	Röösli	et	al.,	2016"	are	cited	in	the	text	but	not	provided	in	the	reference	list.	Please	provide	them	in	the	reference	list	or	delete	these
citations	from	the	text.
Answer:	Please	delete	"Chordekar	et	al.,	2013".	The	reference	"Roosli	et	al.,	2016"	is	Roosli	C,	Dobrev	I,	Sim	JH,	Gering	R,	Pfiffner	F,	Huber	AM.	Intracranial	Pressure	and	Promontory	Vibration	With
Soft	Tissue	Stimulation	in	Cadaveric	Human	Whole	Heads.	Otol	Neurotol.	2016	Oct;37(9):e384-90.	doi:	10.1097/MAO.0000000000001121."																							The	Reference	"Helsinki	(2013)	is	cited	as
"World	Medical	Association.	World	Medical	Association	Declaration	of	Helsinki:	ethical	principles	for	medical	research	involving	human	subjects.	JAMA.	2013;310(20):2191-4.
doi:10.1001/jama.2013.281053".		
Query:	The	citation	"Michel,	1992"	has	been	changed	to	match	the	author	name	in	the	reference	list.	Please	check	here	and	in	subsequent	occurrences.
Answer:	That's	fine.	
Query:	Please	check	the	date	of	the	ref.	Mattingly	et	al.,	2015.
Answer:	Correct.
Query:	Uncited	references:	This	section	comprises	references	that	occur	in	the	reference	list	but	not	in	the	body	of	the	text.	Please	position	each	reference	in	the	text	or,	alternatively,	delete	it.	Any
reference	not	dealt	with	will	be	retained	in	this	section.	Thank	you.
Answer:	The	reference	corresponds	to	"Helsinki,	2013".
Query:	Please	confirm	that	given	names	and	surnames	have	been	identified	correctly	and	are	presented	in	the	desired	order	and	please	carefully	verify	the	spelling	of	all	authors’	names.
• Direct	vibratory	stimulation	on	the	dura	activates	the	outer	hair	cells,	indicated	by	DPOAE.
• For	frequencies	≥	2 kHz,	stimulation	on	dura	induces	a	comparable	DPOAE	amplitude	as	for	stimulation	on	the	skin-covered	temple	at	70 dB,	but	lower	amplitudes	at	lower	levels.
• Direct	stimulation	on	the	dura	induces	skull	vibrations,	measurable	at	the	teeth.
Answer:	Correct
Query:	Your	article	is	registered	as	a	regular	item	and	is	being	processed	for	inclusion	in	a	regular	issue	of	the	journal.	If	this	is	NOT	correct	and	your	article	belongs	to	a	Special	Issue/Collection	please
contact	n.bhaskaran@elsevier.com	immediately	prior	to	returning	your	corrections.
Answer:	That's	correct.
